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Abstract 
We present Mg-doped InSbN layers on n-type InSbN/InSb structures by both direct Mg ion implantation and electron beam 
evaporation of Mg followed by rapid thermal diffusion. Both kinds of samples show the p-n junction behaviour at low 
temperature, indicating the p-type conduction of the Mg doped InSbN layers and the conduction follows a multi-layer structure 
model.  In addition, Hall results also show that both kinds of samples show temperature dependent mobility but with different 
dependences due to different dominant scattering mechanisms related to fabrication technique. 
© 2015 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
    III-V compound semiconductors, such as GaAs, InP and InSb, are the popular materials for infrared 
photodetection [1-7]. By adding a small amount of nitrogen (N), the band gap of InSb could be extended to longer 
wavelength which becomes suitable for long infrared photodetection [8-16]. As far as the device application is 
concerned, implantation zinc [17-19] and cadmium [14] into InSb to form p-n diodes were reported previously. It 
was found that Zn, Bi and Cd even at moderate doses (< 1015 cm2) produced a porous surface layer which could  
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not be annealed out, even at the melting temperature of InSb. To solve this surface problem and make high quality 
p-n diodes, study on the implantation of the much lighter acceptors, Be and Mg, was carried out and the device 
performance was found being greatly improved [20]. In this paper, we present two types of p-type InSbN layers, 
formed on the n-type InSbN layer by direct implantation of Mg ions and electron beam evaporation of a thin Mg 
layer followed by thermal diffusion, their electrical properties of the p-n junctions formed by the two types of p-
layers. 
 
Nomenclature 
N    Nitrogen  
Is              Saturate current 
n               Ideality factor 
Vth           Thermal voltage 
Rs             Series resistance 
Rsh            Parallel resistance 
2. Experiment 
A set of n-type InSb (100) wafers were used to fabricate the diodes. A silicon nitride film of 100 nm was first 
deposited on the pre-cleaned InSb substrate by a Plasma Enhanced Chemical Vapor Deposition (PECVD) system. 
Then the InSb1-xNx alloys were formed by N+ implantation. In order to obtain a uniform nitrogen profile in the InSb 
substrate, a three-step N+ ion implantation scheme with energies of 90, 180 and 530 keV was used for the formation 
of InSbN layers. And all the samples were annealed at 550 K for 4 hours to remove the damage caused by 
implantation and to activate the incorporated nitrogen. Then the nitrogen implanted InSb wafers are divided into two 
groups. The first group (G1) of samples was followed by the Mg+ ion implantation to form the top p region. And the 
group (G2) of samples had deposited a 200 nm-thick pure Mg film on the InSbN layer by electron beam evaporation 
(E-beam evaporation), followed by a rapid thermal diffusion at 330oC-340oC for 15-30 min in the ambiance of N2 to 
form the p layer. Then the mesa-like structures were fabricated on the two groups of samples by using standard 
photolithographic techniques in the clean room environment. The devices have a diameter of 250 μm. The current-
voltage (I-V) characteristics were measured using a Keithley 320 programmable current-voltage measurement unit. 
3. Results & Discussion 
4. 
Fig. 1 shows the I-V curve of the two groups of samples measured at 30 K in the range of −1.5V to 1.5 V. The 
rectifying characteristic of the device clearly indicates the formation of p-n junction. Considering the parasitic series 
and parallel resistances in the devices, we used a clever algorithm to extract the diode parameters [21-24]. The 
theoretical I-V characteristics are simulated from the following transcendental equation:
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    where Is is the saturation current, n is the ideality factor, Vth = kT/q is the thermal voltage, and Rs and Rsh are the 
series and parallel resistance, respectively. The red curves in figure 1 ((a) & (b)) are the fitting ones and the 
extracted parameters for the two groups of diodes are shown in table 1. It can be found that the G2 sample 
experience higher leakage current and lower breakdown voltage. This phenomenon is believed to be due to the 
higher Mg-related impurity/defect level in the G2 samples. This is because the dose of Mg source by evaporation is 
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much higher than that of the ion implantation, more Mg could be incorporated by diffusion and they are not 
uniformly distributed. Some defects could also be generated, especially in the top region of the samples near surface. 
They all affect the quality of the p-n junctions.  
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Fig.  1. Measured (black) and fitted (red) current-voltage characteristics of (a) sample G1-S1 and (b) sample G2 at 30 K. 
 
                 Table 1.  Extracted parameters of the two groups of diodes from the fitting I-Curves. 
 Is nVth Rs Rsh 
G1 0.258 nA 4.9 meV 0.9 Ω 26 Ω 
G2 0.303 nA 3.8 meV 0.74 Ω 19 Ω 
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Fig. 2.  Temperate-dependent carrier concentrations of two groups of samples. The data of InSb substrate was included as a reference.  
 
To examine the electrical properties of the two groups of samples, hall measurement was carried out. The 
temperature dependent carrier concentrations of the two groups of samples are shown in the Fig. 2. The data of the 
InSb substrate is also included for comparison. It can be seen that the values of the carrier concentrations in the N-
containing samples are higher than that in the un-implanted InSb wafer. The increase in carrier concentration in the 
implanted samples is coincident to the existence of donor-type defects, such as antimony vacancies, created during 
the implantation process. Beside it, another feature is observed. We find that although the I-V curve has proven the 
existence of the p-type layer, the hall measurement still apparently shows n-type conductivity. This is due to the 
high leakage current at the interface of the p-n junction, which makes the depletion region in the p-n junction not an 
electrical isolating layer anymore. This phenomenon can be further elaborated by a multi-layer structure [25]. Fig.3 
shows the equivalent circuit of a three-layer structure [24], where Rsn and Rsp are the series resistance of each layer, 
and Rsh1 and Rsh2 are the parallel resistances coupling between the two layers. VHn and VHp are the internal hall 
voltage developed in the p and n layers respectively, and VH is the overall hall voltage when measuring the entire 
sample. Thus the hall voltage can be expressed as equation 1: 
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Fig. 3.  Schematic diagram of equivalent circuit of a multi-layer structure model 
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    From the Secondary Ion Mass Spectrum results of G1 samples in the Fig.4, the p-type layer doping concentration 
was assumed to be 4×1019 cm-3 at the junction depth with corresponding mobility µp of about 450 cm2V-1s-1 at 77 K 
[26], and the n-type layer doping concentration and mobility is assumed to be 2×1016 cm-3 and 4×105 cm2V-1s-1 at 77 
K base on the hall results of InSb substrate. Then the series resistance (Rsn, Rsp) and internal hall voltage (VHn, VHp) 
can be calculated using equations (3)-(5) [24], which are derived from the hall system in the case of only one 
dominant carrier in one conductive layer. 
BI
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where the applied magnetic field (B) and current is set to be 0.32 T and 25mA, respectively. 
    Combine the equation (1) to (5), we can calculate that only when the overall parallel resistance Rsh larger than the 
6.9 KΩ, the hall voltage VH will change to positive, otherwise, the hall voltage polarity is always negative despite 
the fact that layer 1 is heavily p-doped.   
 
Therefore, for both groups of samples, the n-type conductivity indicated by the hall measurement due to the very 
small parallel resistances extracted from the I-V curves of the diodes are consistence with the multi-layer structure 
analysis. And as the temperature increases, the parallel resistance decrease, thus the hall voltage VH become more 
negative and the carrier concentration ns decrease as increasing temperature.  
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Fig. 4.  Secondary Ion Mass Spectrum result of Mg atom of G1 samples, before and after 550 K 4hrs annealing. 
 
 
 
    Fig. 5 shows the temperature dependent mobilities of the two groups of samples and of InSb substrate. We can 
see that two different types of mobility dependences are observed in G1 and G2 samples. For G1 samples and InSb 
substrate, the mobility increases monotonically as the decrease of temperature, while for G2 sample, the mobility 
increases with the decrease of temperature first and then decreases with further reduction of temperature. This can 
be explained by the different dominant scattering mechanisms caused by the defects induced by different fabrication 
methods. There are mainly three type of scattering mechanisms applied in these samples. 
 
    At the low temperature region, i.e. below about 180 K, It is generally known that the mobility is most sensitive to 
the total density of the ionized impurities, and shows temperature dependence with an exponent of 3/2, as expressed 
below (6): [27] 
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    where εr is the relative dielectric constant, ε0 is the permitivity of vacuum, kB is the boltzmann constant, Ni is the 
number of ionized impurities, Z is the charge of impurity, e is the electronic charge and  m* is the effective mass of 
electron. 
 
    In addition, in ternary and quaternary III-V alloys, an extra alloy scattering process exists, which is given by the 
expression (7). This arises from the fact that, while the structure is still crystalline, there is a random distribution of 
group III or the group V atoms on their respective sites [27]. And in this scattering mechanism, mobility is inversely 
proportional to the square root of temperature. 
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    Where h is the Planck’s constant, N0 is the number of atoms in crystal, α is the fraction of group III/group V 
atoms and UΔ is the volume of the elementary cell.  
 
    While at the high temperature region (over 180 K), the motilities of all the samples are limited by the polar 
phonon scattering, as expressed in equation (8), given by Hilsum and Rose-Innes in [28]. 
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    where e* is the Callen effective charge, M the atomic reduced mass, u the volume of the unit cell, LOω and LOθ  
are the angular frequency and equivalent temperature of the LO phonon, )/( TG LOθ is a slowly varying function of 
order unity, and is taken as 0.6.  
 
Hence, the mobility spectra of our samples imply that at the low temperature region (below 180 K), more 
impurities exits in the G2 sample so that the ionized impurity scattering dominates, while for the G1 samples and 
InSb substrate, the alloy scattering is competitive to the ionized impurity scattering. This observation confirms our 
explanation to the high leakage current experienced in the G2 samples. When temperature is higher than 180 K, the 
mobility increases exponentially with the decreasing temperature, due to the phonon dominant scattering. And for 
the whole spectra, the alloy scattering results in the low mobility of nitrogen implanted samples compared with the 
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InSb substrate. But at the room temperature, the mobility of all the N implanted samples is in comparable level with 
the InSb substrate as intrinsic excitation dominates at high temperatures. 
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Fig. 5. Temperature dependent mobility. The data of InSb substrate was included as a reference. 
 
 
4. Conclusion 
    In conclusion, Mg-doped p-type layers on InSbN/InSb structures were fabricated by ion implantation and by e-
beam evaporation followed by diffusion. Both groups of structures show rectifying I-V curves, indicating the 
formation of p-n junction. However, the samples formed by e-beam evaporation show poorer p-n behaviour due to 
excess Mg related impurities and defects. The hall measurements showed n-type conductivity for the diodes 
although the p-layer was proven to be formed. This phenomenon is explained by the multi-layer structure model. 
And the mobility spectra of the two groups of samples show different temperature dependences due to the difference 
in the incorporated impurities in the p-type layers. 
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